Here we report the isolation from a chick limb bud cDNA library of a cDNA that contains the full coding sequence of chicken Dlx-5, a member of the Distal-less (Din) family of homeobox-containing genes that encode homeodomains highly similar to that of the Drosophila Distal-less gene, a gene that is required for limb development in the Drosophila embryo. The expression pattern of Dlx-5 in the developing chick limb bud suggests that it may be involved in several aspects of limb morphogenesis. Dlx-5 is expressed in the apical ectodermal ridge (AER) which directs the outgrowth and patterning of underlying limb mesoderm. During early limb development Dlx-5 is also expressed in the mesoderm at the anterior margin of the limb bud and in a discrete group of mesodermal cells at the mid-proximal posterior margin that corresponds to the posterior necrotic zone. These mesodermal domains of DZx-5 expression roughly correspond to the anterior and posterior boundaries of the progress zone, the group of highly proliferating undifferentiated mesodermal cells underneath the AER that will give rise to the skeletal elements of the limb and associated structures. The AER and anterior and posterior mesodermal domains of Dlx-5 expression are regions in which the homeobox-containing gene Msx-2 is also highly expressed, suggesting that Dlx-5 and Msx-2 might be involved in regulatory networks that control AER activity and demarcate the progress zone. In addition, Dlx-5 is expressed in high amounts by the differentiating cartilaginous skeletal elements of the limb, suggesting it may be involved in regulating the onset of limb cartilage differentiation.
Introduction
Homeobox-containing genes have been implicated in the regulation of limb outgrowth, pattern formation, and differentiation (Roberts and Tabin, 1994) . The vertebrate Distal-less (Dlx) family of homeobox-containing genes consists of at least six members that encode homeodomains highly similar to that of the Drosophila Distal-less gene (Porteus et al., 1991; Price et al., 1991; Robinson et al., 1991; Ekker et al., 1992; Dirksen et al., 1993; Papalopulu and Kintner, 1993; Selski et al., 1993; Simeone et al., 1994) . The Distal-less gene is required for limb development in the Drosophila embryo (Cohen et al., 1989) . In the developing limb buds of mouse and rat embryos some members of the Dlx family are expressed in the apical ectodermal ridge (AER), which directs the outgrowth and patterning of the underlying mesoderm of the limb bud (Dolle et al., 1992; Bulfone et al., 1993; Zhao et al., 1994) . Furthermore, some members of the Zhao et al., 1994) . These observations suggest that Dlx genes may play important roles in vertebrate limb development.
In an attempt to obtain cDNAs to study the expression and function of Dlx genes in the readily manipulable limb buds of the chick embryo, we screened our chick limb bud cDNA library with a Drosophila Distalless cDNA. Here we report the isolation and characterization of a cDNA that contains the full coding sequence of chicken Dlx-5. The expression pattern of Dlx-5 during chick limb development suggests it may be involved in several aspects of limb morphogenesis including AER activity, pattern. formation, and cartilage differentiation.
Results

I. Isolation and characterization of chicken Dlx-5 cDNA
By screening an oligo d(T) primed chick limb bud cDNA library at reduced stringency with a Drosophila Distal-less cDNA, and subsequently screening a randomprimed chick limb bud cDNA library at high stringency with a partial cDNA obtained from the initial screen, we isolated a 1303 bp cDNA containing the full coding sequence of chicken Dlx-5 (Fig. 1) . The accession number in GenBank for this cDNA is U25274. The translated sequence of the homeodomain of this cDNA ( Fig. 1 ) is identical to the amino acid sequence of the homeodomain chicken Dlx-5 human Dlx-5 rat rDlx Xenopus X-d113 zebrafish dlx-3 chicken Dlx-5 human Dlx-5 rat rDlx Xenopus X-d113 zebrafish dlx-3 chicken Dlx-5 human Dlx-5 rat rDlx Xenopus X-d113 zebrafish dlx-3 chicken 01x-5 human Dlx-5 rat rDlx Xenopus X-d113 zebrafish dlx-3 chicken Dlx-5 human Dlx-5 rat rDlx Xenopus X-d113 zebrafish dlx-3 chicken Dlx-5 human Dlx-5 rat rDlx Xenopus X-d113 zebrafish dlx-3 251 298 AAN . . .
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QNI LYRGDEFFTL Fig. 1 . The deduced amino acid sequence of chicken DIx-5 compared with the amino acid sequences of human DIx-5 (Simeone et al., 1994) . rat rDlx (Zhao et al., 1994) , Xenopus X-d113 (Papalopulu and Kintner, 1993) and zebrafish d1x3 (Akimenko et al., 1994) . Regions of sequence identity are enclosed in the shaded boxes. The homeodomains extend from amino acids 144-203. Rat rDlx, Xenopus X-dH3 and zebratish dlx3 are likely the orthologs of chicken and human DZx-5 (see Section 2). The nucleotide sequence of chicken Dlx-5 cDNA can be found in GenBank under accession number U25274.
of mouse and human DLx-5 (Simeone et al., 1994) , and differs in several amino acids from the homeodomains of the other characterized members of the Dix family. The homeodomain of our chicken Dlx-5 cDNA is also identical to that of a member of the rat Dlx family that has been called rDlx (Zhao et al., 1994) and to a member of the Xenopus Dlx family that has been called X-d113 (Papalopulu and Kintner, 1993) (Fig. 1) . Not only are the homeodomains of our chicken D/x-5 clone and rat rDlx and Xenopus X-d113 identical, but there is also a high degree of sequence identity among these cDNAs in several regions both 5' and 3' to the homeodomain (Fig. 1 ). These observations indicate that rDlx (Zhao et al., 1994) and Xd113 (Papalopulu and Kintner, 1993) are the rat and Xenopus orthologs of chicken, mouse, and human Dlx-5.
The methionine start codon of our 1303 bp chicken Dlx-5 cDNA aligns with the start codon of the full length rat and Xenopus Dlx-5 cDNAs, and the 3' end of our clone extends 392 bp beyond the stop codon of rat and Xenopus Dlx-5 cDNAs.
A specific 266 bp hybridization probe corresponding to a region of our Dlx-5 cDNA located 3' to the homeobox and consisting mostly of 3' untranslated sequence (see Section 4) hybridizes to a single mRNA species of about 1.7 kb in Northern blots of total RNA from stage 25 (Hamburger and Hamilton, 1951) embryonic chick limb buds (Fig. 2) . Dlx-5 mRNAs of similar sizes are detectable in human and rat embryonic tissues (Simeone et al., 1994; Zhao et al., 1994) . limb bud (Figs. 3D-F, 5A ,B), and at these stages is also expressed in a discrete group of mesodermal cells at the mid-proximal posterior margin of the limb bud (Figs. 3D-F, 5A.B). This posterior mesodermal domain of Dlx-5 expression at these stages roughly corresponds to the location of the posterior necrotic zone in which programmed cell death is occurring (Saunders et al., 1962) . By stage 31 the anterior and posterior peripheral mesodermal domains of Dlx-5 expression expand distally to encompass the mesoderm directly subjacent to the flattened apical ectoderm at the distal tip of the limb (Fig.  50 . The distal mesodermal domain of Dlx-5 expression at stage 3 I extends into the mesoderm-between the developing digits of the limb bud (Fig. 5C) .
At stages 23 to 26, in addition to being expressed in the AER, anterior peripheral mesoderm, and posterior necrotic zone, Dlx-5 is expressed at high levels in the proximal central core of the limb bud at the onset of the differentiation of the cartilaginous humerus rudiment of the wing bud ( Fig. 3D-F ). Dlx-5 is highly expressed throughout all of the differentiating chondrocytes of the
Expression of Dlx-5 during chick limb development
From stage 18, which is shortly following the formation of the limb bud, to stage 29, DZx-5 transcripts detectable by in situ hybridization are expressed in the AER at the distal periphery of the limb bud, which is directing the outgrowth and patterning of the underlying limb mesoderm ( Fig Dlx-5 expression in the distal apical ectoderm of the limb bud declines to low levels at about stages 30-31 (Fig. 4E,J) , at which time the AER has lost its ability to promote the outgrowth of limb mesoderm (Rubin and Saunders, 1972) .
From stage 18 to stage 22, in addition to being expressed in the AER, Dlx-5 mRNA is expressed in the mesoderm throughout approximately the anterior l/3 of the limb bud ( Fig. 3A-C ). This anterior mesodermal domain of Dlx-5 expression corresponds to that region of limb mesoderm which is not under the influence of the AER and thus will not give rise to limb skeletal elements or associated structures (see Section 3). No Dlx-5 expression is detectable in the posterior mesoderm subjacent to the thickened AER (i.e. the progress zone) which will grow out in response to the AER and give rise to the skeletal elements of the limb.
At stages 23 to 30 Dlx-5 continues to be expressed in humerus rudiment at stages 23 to 26 (Figs. 3D-F, 6A). At subsequent stages (stages 27-30) very high Dlx-5 expression is present in the newly differentiating chondrocytes towards the periphery of the humerus rudiment, but has attenuated in the more differentiated chondrocytes in the central portion of the rudiment (Fig. 6B) . At stage 31 very high Dlx-5 expression is present in the perichondrium which is giving rise to the chondrocytes that result in the appositional growth of the rudiment, whereas the mature differentiated chondrocytes in the central portion of the rudiment exhibit much less Dlx-5 expression (Fig.  6C) .
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Dlx-5 is also expressed at the onset of the chondrogenie differentiation of the distal skeletal elements of the developing wing bud. At about stage 27 Dlx-5 transcripts are present throughout the differentiating cartilaginous rudiments of the radius and ulna (Fig. 5A) , and at stage 30 are present in the differentiating cartilaginous rudiments of the metacarpals (Fig. SB) . Subsequently at stages 29-31 Dlx-5 expression attenuates in the mature differentiated chondrocytes in the central portion of the radius, ulna, and metacarpal rudiments, but persists at very high levels in the newly differentiating chondrocytes at the periphery of the rudiments (Fig. 5B,C) . 
Discussion
Overview
As summarized diagrammatically in Fig. 7 , Dlx-5, a member of the Distal-less family of homeobox-containing genes, exhibits essentially four distinct expression domains during early chick limb development, three of which overlap with the expression domains of Msx-2, a homeobox-containing gene that has been implicated in several aspects of limb morphogenesis (Coelho et al., 1993) . Both Dlx-5 and Msx-2 are expressed in the AER, in the mesoderm at the anterior margin of the limb bud, and in a discrete group of mesodermal cells at the midproximal posterior periphery of the limb bud that roughly correspond to the posterior necrotic zone (Fig. 7) . The coexpression of Dlx-5 and Msx-2 in several discrete regions of the developing limb bud suggests that there may be regulatory relationships between these two homeoboxcontaining genes, and/or that these two genes may be cooperatively involved in regulating similar developmental processes in these locations (see below). Unlike Msx-2, Dlx-5 is also strongly expressed at the onset of the differentiation of the cartilaginous skeletal elements of the limb bud, suggesting it may play a role in regulating the onset of limb cartilage differentiation (Fig. 7) (see below).
3.2. Possible role of Dlx-5 in the AER Dlx-5 is highly expressed in the AER from the time the limb bud forms through stage 29, during which time the AER is directing the outgrowth and patterning of the subjacent limb mesoderm (Rubin and Saunders, 1972) . The expression of Dlx-5 declines to low levels in the distal apical ectoderm at about stages 30-3 1, at which time the AER has flattened and lost its ability to promote limb outgrowth (Rubin and Saunders, 1972) . These correlations suggest that Dlx-5 may be involved in regulating some aspect of AER activity. It is noteworthy that rDlx, which appears to be the rat ortholog of chicken Dlx-5 (see Section 2), is expressed in the AER of developing rat limb buds (Zhao et al., 1994) . Furthermore, at least two other members of the Dlx family, Dlx-l and Dlx-2, are expressed in the AER of the mouse limb bud (Dolle et al., 1992; Bulfone et al., 1993) , and several members of the Dlx family are expressed in the zebrafish AER (Akimenko et al., 1994) . These observations emphasize the potential importance of Dlx genes in AER function.
Like Dlx-5, the homeobox-containing gene Msx-2 is highly expressed in the AER of the chick limb bud (Coelho et al., 199lb; Nohno et al., 1991; Yokouchi et al., 1991) , and studies on the altered expression of Msx-2 in mutant and experimentally manipulated limb buds have implicated Msx-2 in the regulation of AER activity (Coelho et al., 1991a (Coelho et al., , 1992b Robert et aI., 1991; Krabbenhoft and Fallon, 1992; Dealy and Kosher, 1995) . The co-expression of Dlx-5 and Msx-2 in the AER is of particular interest in view of our recent identification of a 3.50 bp sequence with enhancer activity in the 5' flanking region of the chicken Msx-2 gene which is sufficient to direct expression of a reporter gene to the AER, but not the mesoderm, of the limb buds of transgenic mice (Sumoy et al., 1995) . The AER-specific enhancer element in the Msn-2 gene contains several conserved closely spaced TAAT sequences, which are sequences to which homeodomain-containing proteins can bind, suggesting that the expression of Msx-2 in the AER may be regulated by another homeodomain-containing protein (Sumoy et al., 1995) . Thus, Dix-5 is a reasonable candidate for regulating the expression of Msx-2 in the AER.
Possible roles of Dlx-5 and other homeoboxcontaining genes in the mesoderm at the anterior and posterior margins of the limb bud
The mesoderm in the anterior portion of the limb bud in which Dlx-5 is expressed during early stages of limb development corresponds to that region of the limb mesoderm which based on fate maps (Hinchliffe et al., 1981) and AER extirpation experiments (Rowe and Fallon, 1981) is not under the influence of the AER and will not in subsequent development give rise to skeletal elements of the limb. Thus, this anterior mesodermal domain of Dix-5 expression demarcates the anterior boundary of the progress zone, the group of highly proliferating undifferentiated posterior mesodermal cells underneath the AER which will give rise to the skeletal elements of the limb and associated structures. Similarly, the domain of Dlx-5 expression at the mid-proximal posterior margin of the limb bud which roughly corresponds to the posterior necrotic zone lies at the proximal posterior boundary of the progress zone. These anterior and posterior mesoderma1 regions of Dlx-5 expression are also characterized by the expression of the homeobox-containing genes Msx-2 (Coelho et al., 1991b (Coelho et al., , 1992b (Fig. 7) and Msx-I (Coelho et al., 1992a) . Thus, Dlx-5, Msx-2, and Msx-I may be involved in a regulatory network that actively or passively specifies the anterior and posterior boundaries of the progress zone. Consistent with this possibility, when the AER flattens and ceases functioning at stage 31 (Rubin and Saunders, 1972) , the anterior and posterior mesoderma1 domains of Dlx-5 and Msx-2 expression expand into the distal mesoderm subjacent to the flattened apical ectoderm at the tip of the limb bud. Thus, there is an inverse correlation between presence or absence of a functional AER and the absence or presence of expression of Dlx-5 and Msx-2 in the subjacent mesoderm.
Possible role of Dlx-5 in the regulation of limb cartilage differentiation
Dlx-5 is highly expressed throughout the differentiating chondrocytes of the skeletal elements of the limb bud at the onset of their differentiation. The expression of Dlx-5 in the differentiating cartilaginous skeletal elements correlates with the initiation of high level expression of genes for several cartilage-specific matrix proteins including type II collagen (Nah et al., 1988) , aggrecan (MalleinGerin et al., 1988) , and type IX collagen (Kulyk et al., 1991) , suggesting the interesting possibility that Dlx-5 might be directly or indirectly involved in regulating the expression of one or more cartilage-specific genes at the onset of chondrogenesis.
After the initial chondrogenic differentiation of the skeletal elements of the limb, high Dlx-5 expression becomes progressively restricted to the newly differentiating chondrocytes at the periphery of the rudiments and subsequently the perichondrium, and attenuates in the mature differentiated chondrocytes in the central portion of the rudiments, suggesting that Dlx-5 may be involved in regulating the onset of chondrogenic differentiation.
Genes for the cartilage matrix proteins type II collagen and the core protein of aggrecan are similarly more highly expressed in the periphery of the differentiating cartilage rudiments of the limb than in the more mature central portions (Mallein-Gerin et al., 1988) , again suggesting that Dlx-5 may be involved in regulating cartilage-specific gene expression at the onset of chondrogenesis.
The progressive localization of high Dlx-5 expression to the periphery and perichondrium of the differentiating skeletal elements of the limb suggests the possibility that Dlx-5 in conjunction with other regulatory genes and sig- 
Dlx-5
Msx-2 Fig. 7 . Diagrammatic representation of the domains of expression of Dlx-5 and the homeobox-containing gene Msx-2 in the developing chick wing bud. Both genes are expressed in the AER (green), mesoderm at the anterior margin of the limb bud (red) and in a discrete group of mesodermal cells at the mid-proximal posterior margin that roughly correspond to the posterior necrotic zone (magenta). In addition, Dlx-5 is expressed in the proximal central core of the limb bud at the onset of the chondrogenic differentiation of the skeletal elements of the limb (blue).
naling molecules may be involved in defining the contours of the skeletal elements of the limb. Indeed, like Dlx-5, other transcription factors and signaling molecules that have been implicated in limb cartilage differentiation including the homeobox-containing gene Cart-l (Zhao et al., 1993) and Gdf-5, a signaling molecule related to the bone morphogenetic proteins (Storm et al., 1994) , are initially expressed throughout the differentiating skeletal rudiments of the limb at the onset of their differentiation, after which high level expression becomes progressively restricted to the newly differentiating chondrocytes at the periphery of the rudiments and subsequently the perichondrium.
Experimental procedures
I. Isolation and characterization of chicken Dlx-5
An oligo d(T) primed chick limb bud cDNA library (Coelho et al., 1991b ) was screened at reduced stringency with a Drosophila Distal-less cDNA probe, and a 564 bp clone obtained from this screen was subcloned into pGEM-1 and sequenced at its 5' and 3' ends using the dideoxy chain termination method. The 5' end of this partial cDNA consisted of about 170 bp of a homeobox sequence encoding a homeodomain which was identical to the corresponding region of the homeodomain encoded by human DLX-5 (Simeone et al., 1994) . This clone was digested with XbaI and at an internal Ala1 site located 158 nucleotides from the 3' end of the homeobox to yield a 266 bp probe 3' to the homeobox. This 266 bp probe was used to screen a random primed chick limb bud cDNA library in 1 Bluemid (Gould et al., 1995) . A 1303 bp cDNA was obtained that was fully sequenced on both strands and found to contain the full coding se-quence of chicken Dlx-5 (see Section 2 and accession number U25274 in GenBank).
Northern blot analysis and in situ hybridization
In order to avoid potential cross-hybridization with other members of the Dlx family, Northern blot analysis and in situ hybridization was performed using the 266 bp probe described above (nucleotides 801-1066; GenBank accession number U25274) which corresponds to a region of our Dlx-5 cDNA located 3' to the homeobox and extending 151 bp into the 3' untranslated region. The probe was labeled with [32P]dCTP by the random oligonucleotide primer procedure. Northern blot analysis was performed at high stringency as previously described (Dealy et al., 1993) using total RNA isolated from stage 25 (5-day) embryonic chick limb buds. In situ hybridization was performed on serially sectioned limb buds as described by Mallein-Gerin et al. (1988) , except that sections were treated with 10 &ml of Proteinase K.
